The School Health Initiative: Environment, Learning, Disease (SHIELD) study, the Minnesota Children's Pesticide Exposure Study (MNCPES), and the National Cooperative Inner-City Asthma Study (NCICAS) are three of the most intensive and invasive exposure-monitoring projects ever undertaken in children. An intrinsic facet of each study was the need to recruit children and their families, retain them for the duration of the project, and ensure that they completed monitoring protocols successfully. All of the studies used fiscal incentives to encourage participation, retention, and compliance. Recruitment rates varied from 40% in MNCPES, to 57% in SHIELD, to 64% in NCICAS, while retention rates varied from 85% in SHIELD, to 94% in MNCPES, to 95% in NCICAS. Rates of compliance with exposure sampling procedures were typically 480% for each study. For example, Z85% of the enrolled children provided all requested urine samples (1 for NCICAS, 2 for SHIELD, 3 for MNCPES), and 82% of the children in SHIELD provided two out of two blood samples (optional in MNCPES and NCICAS). However, compliance rates were substantially lower (34% SHIELD, 40% NCICAS, not applicable to MNCPES) for the more complex and time-consuming protocol used to collect peak flow data. Overall, results demonstrate that it is practical and affordable to conduct demanding exposure-monitoring studies in children, including children from poor minority communities.
Introduction
Although it is well known that children are potentially vulnerable to the adverse effects of environmental stressors, there is a scarcity of exposure-related data for children of all ages, backgrounds, and circumstances (NRC, 1993; Landrigan and Carlson, 1995; Clinton, 1997; Carlson, 1998; Galson, 1998; Landrigan et al., 2000; Needham and Sexton, 2000a) . Assessment and management of childhood environmental health risks would benefit directly from better information on emission sources, fate and transport processes, transformation mechanisms, exposure pathways and concentrations, and associated internal doses (Mukerjee, 1998; Armstrong et al., 2000; Hubal et al., 2000; Needham and Sexton, 2000b; Adgate and Sexton, 2001 ). To address these data deficiencies, numerous research studies have been or are being conducted to better characterize children's exposure to a variety of environmental agents (EPA, 1999; Needham and Sexton, 2000a; NCSICC, 2003) .
Exposure monitoring studies often necessitate intensive and repeated contacts with children and their families, and frequently involve intrusive and burdensome data collection procedures, including the taking of blood and urine samples. The validity of results depends on, among other things, recruitment of research subjects, retention of subjects throughout the duration of the study, and subjects' compliance with monitoring protocols (Callahan et al., 1995; Mitchell et al., 1997; Senturia et al., 1998; Adgate et al., 2000; Needham and Sexton, 2000b; Sexton et al., 2003) . Despite the widely recognized importance of these issues, relatively little has been published on recruiting, retaining, and monitoring children in the context of environmental exposure investigations, especially children from low-income minority communities. In this article, three complex and intensive exposure-monitoring studies that either included or focused on poor minority children are used to illustrate recruitment, retention, and compliance results using different approaches and methods. The studies are the School Health Initiative: Environment, Learning, and Disease (SHIELD) study, the Minnesota Children's Pesticide Exposure Study (MNCPES) , and the National Cooperative Inner-City Asthma Study (NCICAS), which are among the most invasive and burdensome efforts conducted to date in this potentially vulnerable population. They are examples of the kinds of studies that will have to be undertaken if we are to assess childhood health risks from exposure to hazardous environmental chemicals more realistically.
Study designs and methods
A comparison of research approaches for SHIELD, MNCPES, and NCICAS is provided in Table 1 . Although these studies employed diverse techniques and procedures to study different aspects of children's exposure to environmental agents, the age range of the children (6-12 years SHIELD; 3-13 years MNCPES; 4-9 years NCICAS) and the number enrolled (153 SHIELD; 102 MNCPES; average 191/center for a total of 1528 NCICAS) were comparable. Moreover, all three studies determined exposures to multiple agents using a combination of questionnaires, environmental measurements, and human biomonitoring (i.e., blood and urine samples). Because children/families volunteering for SHIELD, MNCPES, and NCICAS necessarily expended substantial time and effort to comply with sampling protocols, each study used financial incentives to encourage participation, retention, and compliance (see Table 2 ).
Detailed descriptions of study designs, methods, and study populations for SHIELD (Sexton et al., , 2003 , MNCPES , and NCICAS (Mitchell et al., 1997; Senturia et al., 1998) have been published previously.
The SHIELD study was conducted between 1999 and 2001, and focused on measuring children's exposure to multiple chemicals and documenting changes over time (Sexton et al., , 2004 . Among the environmental agents measured as part of the study were allergens, bioaerosols, cotinine (biomarker for environmental tobacco smoke), metals, polychlorinated biphenyls (PCBs), persistent and nonpersistent pesticides, phthalates, and volatile organic compounds (VOCs). The SHIELD study also included a pilot epidemiologic investigation examining links between measured exposures and effects on both respiratory health and learning outcomes. A school-based design was used to obtain a stratified random sample of children in the second through fifth grades living in two poor, minority neighborhoods in south Minneapolis. A total of 153 randomly selected children aged 6-12 years, along with 51 gradeeligible siblings, were recruited from 558 eligible students enrolled in two adjacent elementary schools. Baseline questionnaires were used to obtain data on important demographic, socioeconomic, and exposure-related variables, and time-activity logs were used to document the time spent in various microenvironments and in close proximity to known emission sources. Environmental monitoring occurred in the children's homes, schools, and outside in their communities. Spirometry and peak flow measurements were conducted at school. Blood and urine samples were also collected at school four times over a 2-year period F winter and spring 2000 and 2001.
The MNCPES was conducted in 1997, and involved extensive measurements of multi-pathway exposures to four nonpersistent pesticides (chlorpyrifos, diazinon, malathion, atrazine) in a cross-sectional probability sample of urban and non-urban children . In addition, measurements were also made to assess exposures to metals, polycyclic aromatic hydrocarbons (PAHs), and VOCs. The sample population consisted of 102 children 3-13 years old living in either (a) the cities of Minneapolis and St. Paul (urban households), or (b) Rice and Goodhue Counties (nonurban households), which are just south of the twin cities in Minnesota. Intensive exposure monitoring occurred during a 1-week period in the summer, and included collection of air, water, food, house dust, soil, and handrinse samples, as well required urine samples and optional blood samples. Questionnaires and technician surveys provided data on residential pesticide use and storage, while information on sociodemographic characteristics and residential exposure-related factors was obtained with a baseline questionnaire. Diaries and logs were used to collect data on children's time-activity patterns.
The NCICAS was an epidemiologic study conducted in 1992-1993 investigating factors associated with children's asthma morbidity in inner cities (Mitchell et al., 1997; Senturia et al., 1998) . The NCICAS used a cohort design to recruit a convenience (nonrandom) sample of asthmatic children and their caregivers (predominantly African American and Hispanic), which was drawn from hospital emergency rooms and community clinics in eight inner-city neighborhoods. To be eligible for NCICAS, the child's primary residence had to be in an inner-city census tract served by one of the recruitment units. A total of 1528 children aged 4-9 years old were enrolled in NCICAS, an average of 191 per center. Following an intervieweradministered questionnaire at the emergency department or clinic, a home visit was conducted 3-5 weeks later, at which time further questionnaire data were collected, required urine specimens (cotinine analysis) and an optional blood sample (archived) were obtained, and allergy skin testing and pulmonary function spirometry tests were performed. A subsequent home visit was made to more than 40% of the children's residences to evaluate the living space, collect house dust samples (antigen analysis) and measure airborne nitrogen dioxide concentrations. At 3-, 6-, and 9-month intervals, results of 2-week, twice-daily, peak flow measurements and compilations of asthma symptoms were obtained via telephone or in-person interviews.
Results
Relevant results related to recruitment, retention, and compliance from SHIELD, MNCPES, and NCICAS are summarized in Table 3 .
Recruitment
Enrollment rates (defined as number giving consent and completing the baseline questionnaire divided by number eligible) were comparable for SHIELD (57%) and NCICAS (64%), both of which recruited predominantly poor minority children. The enrollment rate for MNCPES (40%), which recruited children from specific urban and nonurban census tracts, was substantially lower, but in line with other exposure measurement studies that used a tiered recruitment approach to select participants for more intensive monitoring (Callahan et al., 1995) .
The SHIELD study used a random process to select 270 eligible children and 153 (57%) were subsequently enrolled, along with 51 eligible siblings. The 71% recruitment rate for non-English-speaking families (primarily Somali immigrant and Hispanic) was substantially greater than the 42% rate for English-speaking families (primarily African American). Since SHIELD was originally designed as a 1-year study, children/families had to be re-enrolled for year 2. The overall re-enrollment rate for year 2 of SHIELD was 79% and the disparity between non-English-speaking (88%) and Englishspeaking (62%) families persisted. Rates for re-enrollment (recruitment), retention, and compliance were all higher in year 2, probably because only children/families who had already participated in the first year of the study were eligible. The MNCPES used a probability-based sampling scheme to select 2303 telephone numbers from a commercially available list of residences predicted to have age-eligible children. Of these, 2057 were judged to be eligible for screening. Telephone screening was completed for 1388 and, based on a combination of selection criteria and probability sampling, 477 households were selected for screening. A residential pesticide survey was conducted for 294 and a subset of 173 completed the baseline questionnaire (40% cumulative response rate). Subsequently, 102 families and their children were enrolled in the 1-week, intensive monitoring phase (37% cumulative response rate).
In NCICAS, 4570 children/families were screened at emergency departments and community clinics in poor inner-city neighborhoods, and 2385 (52%) were deemed eligible for the study. Of those eligible, 2143 (90%) provided informed consent and 1528 (64%) also completed the baseline procedures.
Retention
In year 1 of SHIELD, two monitoring sessions involving inschool, in-home, personal, and biological sampling were conducted over a 6-month period, and an end-of-study questionnaire was administered. In total, 85% of SHIELD children were retained in year 1, where retention is defined as the number of children who gave at least one blood or urine sample and completed the year-end questionnaire divided by the number of children enrolled. Overall, 77% of second graders, 82% of third graders, 93% of fourth graders, and 87% of fifth graders were retained in year 1, while 89% of children from non-English-speaking families and 80% from English-speaking families were retained.
The intensive phase of MCNPES was a relatively brief (1 week) but concentrated exposure assessment study that Mitchell et al. (1997) , Senturia et al. (1998) . Percentage of children that gave at least one blood or urine sample and completed the end-of-study questionnaire. i Percentage of children that kept monitoring appointments during the concentrated sampling week. j Percentage of caregivers/children that completed the 9-month follow-up interview. k Refers to diaries that record peak flow and asthma symptoms twice daily for two weeks at 3-, 6-, and 9-month intervals after the baseline visit. l Phone or in-person follow-up interviews to assess the child's asthma symptoms were conducted with caregivers at 3-, 6-, and 9-month intervals. m Personal VOC monitor that was worn/carried by the child during waking hours for 2 days. n Time-activity log maintained by the child (with help from parents, teachers, and field technicians) for 2 days while wearing/carrying the personal VOC badge. o One hand was washed with isopropanol inside a plastic bag to estimate dermal loading. entailed in-home, personal, and biological monitoring. The retention rate for those in the intensive-monitoring phase was 94%, which was calculated by dividing the 104 children/ families that kept scheduled monitoring appointments by the 109 who initially agreed to participate.
The NCICAS extended over a 9-month period and involved one or two home visits to collect environmental and biological samples. Follow-up telephone or in-person interviews at 3-, 6-, and 9-month intervals were carried out to assess results of 2-week peak flow measurements and reports of asthma-related symptoms. The 95% retention rate was calculated by dividing the number of caregivers/children who completed the 9-month follow-up interview by the number enrolled.
Compliance
Monitoring of children's exposure occurred twice (winter and spring 2000) during SHIELD year 1. As shown in Table 3 , 93% of the children provided at least one urine sample and 86% provided two, 92% provided at least one blood sample and 82% provided two, 91% provided at least one valid personal VOC sample and 82% provided two, 89% successfully completed at least one time-activity diary and 66% completed two, 91% successfully completed the single spirometry measurement, and 34% completed two peak flow tests. As part of the intensive phase of MNCPES, 88% of the children provided at least one urine sample and 85% provided all three, while 99% provided a dermal hand-rinse sample. For NCICAS, 87% of the children provided a urine sample, 40% of the children/caregivers completed all three peak flow diaries, and 87% of caregivers completed all three follow-up interviews.
Discussion
As poor minority children living in inner-cities are likely to be at higher comparative risk from many environmental hazards, they are increasingly the focus of targeted research (Sexton, 1997; Carlson, 1998; EPA, 1999; Hubal et al., 2000; Landrigan et al., 2000; Needham and Sexton, 2000b; NCSICC, 2003) . Intrinsically, these studies involve efforts to recruit children and their families, actions to retain enrolled participants throughout the study, and measures to ensure that participants comply with monitoring protocols. Because exposure-monitoring studies tend to be burdensome for participants and offer no therapeutic benefit, the degree to which these activities are successful has a direct bearing on whether a particular exposure-monitoring study achieves its research objectives (Callahan et al., 1995) . Although some relevant information related to clinical trials, intervention research, and surveys is available (Pletsch et al., 1995; Fitzgibbon et al., 1998; Julion and Gross, 2000; Janson et al., 2001; Preloran et al., 2001; Pressel et al., 2001; Sorkness et al., 2001) , relatively little has been published on recruitment, retention, and compliance results for children's exposure-monitoring studies (Mitchell et al., 1997; Senturia et al., 1998; Adgate et al., 2000; Needham and Sexton, 2000b; Sexton et al., 2000 Sexton et al., , 2003 .
Exposure studies with low recruitment (response) rates are subject to problems associated with nonresponse bias, which occurs when the exposure characteristics of those who volunteered for the study are substantially different from those who did not. Historically, recruitment rates for studies that measure exposure directly have been relatively low, commonly less than 50%, compared to less intrusive surveys (Callahan et al., 1995) . This is because exposure-monitoring studies are often burdensome, and may require participants to expend considerable time and effort completing required tasks and/or meeting with study personnel. Children's studies are especially complicated because they involve obtaining consent/assent and cooperation of both the caregiver and the child. Conducting exposure studies among economically disadvantaged groups and people of color is even more challenging because they tend to mistrust investigators; frequently change addresses; lack telephones; and often do not speak English (Pletsch et al., 1995; Fitzgibbon et al., 1998; Julion and Gross, 2000; Janson et al., 2001; Preloran et al., 2001; Pressel et al., 2001; Sorkness et al., 2001; Sexton et al., 2003) .
While investigators try to design studies that will reduce the burden on participants, fiscal incentives are the principal tactic used to increase response rates (as well as retention and compliance rates) in exposure studies. Institutional Review Boards (IRBs) typically allow investigators to reimburse research subjects for expenses they incur as part of the project (e.g., purchasing a duplicate diet sample), but otherwise limit fiscal incentives to nominal amounts or token gifts. As summarized in Table 2 , SHIELD, MNCPES, and NCICAS used this approach to encourage participation. Incentives were comparable to similar exposure-monitoring studies in adults, with the maximum amount that could be earned by participants ranging from $130 in NCICAS to $140 in SHIELD to $195 in MNCPES. Although difficult to document, it is likely that incentives improved response rates in all three studies (Callahan et al., 1995; Needham and Sexton, 2000b) .
The MNCPES attempted to enroll a probability sample of children (living in households that spoke English and had a telephone) from selected urban and nonurban Census tracts. In an effort to ensure adequate representation of poor minority children, telephone numbers from lower socioeconomic Census tracts were sampled in proportion to their rate of occurrence in the 1990 Census. The 40% response rate is in line with similar studies in adults (Callahan et al., 1995) . It is not surprising that MNCPES achieved the lowest response rate of the three studies because (1) the first contact with potential subjects was via telephone (a ''cold call'' from study personnel), (2) the tiered sampling design ensured that only a fraction of eligible subjects would be involved in the intensive phase, and (3) the intensive, in-home, 1-week monitoring period required a substantial commitment of time and effort from the participants.
The SHIELD study focused on recruiting a probability sample of children from elementary schools in two poor, primarily minority neighborhoods. The response rate was 57%, with Somali immigrants and Mexican Americans tending to participate more readily than African Americans. Given the challenges of working with this type of population, the response rate is reasonably good (Pletsch et al., 1995; Fitzgibbon et al., 1998; Julion and Gross, 2000; Preloran et al., 2001) , and the investigators obtained substantial information (e.g., demographic, academic performance) on nonresponders, so that it is possible to assess related bias. The relative success of SHIELD recruitment can be attributed to the fact that children were identified and contacted through their elementary school, and members of the community were involved in recruiting Somali and Mexican American children.
The NCICAS obtained a nonrandom sample of children, mostly African American and Hispanic, from inner-city emergency departments and health clinics. The response rate (64%) was respectable for this type of study (Sorkness et al., 2001) , probably because eligibility was restricted to only English-speaking (and at three centers Spanish-speaking) caregivers and their asthmatic children who were in the process of seeking medical care. It is likely that this population was motivated to get more information about childhood asthma and concerned about asthma-related exposures. The sample is not representative and almost certainly excludes poor families with the least access to medical care (e.g., recent immigrants).
Retention of research subjects was Z85% for all three studies, which is very good considering that monitoring extended over several months in SHIELD and NCICAS. Since the intensive monitoring phase of MNCPES was only a week long, it is not unexpected that 94% of the participants completed the study. The NCICAS retained an impressive 95% of participating families/children over the 9-month monitoring frame (3-, 6-, and 9-month follow-up interviews), presumably because particpants had an abiding interest in learning more about childhood asthma. A sizeable 85% of families/children enrolled in year 1 of SHIELD were retained during the 6-month monitoring frame (winter and spring monitoring sessions, and an end-of-study questionnaire), despite the burden of providing blood and urine samples, personal/indoor/outdoor air samples, peak flow results, and time-activity logs.
Compliance with monitoring protocols was generally good across the three studies (Table 3) . For example, better than 87% of enrolled children provided at least 1 urine sample, and 86% in SHIELD provided two out of two samples, while 85% in MNCPES provided three out of three. The exception was peak flow data, which were measured over a 1-week period in SHIELD and a 2-week period in NCICAS using small, hand-held flow measuring devices. Only 34% of SHIELD children successfully completed both peak flow tests (76% completed the winter test, 47% the spring test), and a slightly better 40% successfully completed all three tests for NCICAS (60% of caregivers returned the peak flow diary at each interview). The peak flow protocol was the most complicated and time-consuming procedure used in either study, requiring children to provide daily valid measurements over a 1-week (SHIELD) or 2-week (NCICAS) session. It is predictable, therefore, that compliance rates would be relatively low for this complicated protocol.
Details of the strategies, actions, and procedures that contributed to the effectiveness of SHIELD (Sexton et al., 2003) , MNCPES and NCICAS (Mitchell et al., 1997; Senturia et al., 1998) have been published. According to the SHIELD investigators, the key to successful exposure monitoring among their population of poor minority children was the school-based design, which allowed for simple and relatively inexpensive identification of children/families, ready access to updated contact information, school assistance with recruitment, and in-school collection of blood and urine samples. The MNCPES investigators acknowledge that a major reason study objectives were met was because of their total package of methods and techniques, including detailed planning, subject training, reasonable incentives, child-friendly protocols, parental involvement, and assistance from the Minnesota Department of Health. Similarly, the NCICAS investigators credit their complete package of procedures, including repeated updating of contact information, sensible fiscal incentives, and flexible timing of follow-up interviews, as a prime factor in the successful completion of the largest epidemiologic study of asthma morbidity among inner-city children ever undertaken.
Conclusions
The evidence shows that SHIELD, MNCPES, and NCI-CAS, which were invasive and arduous exposure-monitoring studies, effectively recruited children and their families, retained them for the duration of the project, and got them to complete sometimes intrusive monitoring protocols. The results are particularly significant because SHIELD and NCICAS targeted poor minority children, a population that has traditionally been difficult for researchers to identify, contact, recruit, and retain. Although the three projects represent distinctive types of studies carried out in different populations for different reasons, collectively they demonstrate that it is practical and affordable to conduct intensive exposure-monitoring studies in children, including poor minority children. Successful attainment of research objectives depended on innovative study designs, thoughtful implementation procedures, rigorous tracking measures, simplified monitoring protocols, and realistic financial incentives.
